Abstract The capacity of an anaerobic granular sludge for serving as an immobilizing mechanism for quinone-respiring bacteria was evaluated. The inoculum was continuously fed with a basal medium containing the humic model compound, anthraquinone-2,6-disulfonate (AQDS), as a terminal electron acceptor. Complete reduction of AQDS was achieved by the granular sludge for a prolonged period in an anaerobic bioreactor provided with a mixture of volatile fatty acids as a substrate. Phylogenetic analysis revealed the enrichment and immobilization of AQDS-respiring bacteria appearing as dominant organisms in the microbial population of the AQDS-supplemented reactor, compared to a reactor control operated under methanogenic conditions. The consistent quinone-reducing capacity observed in the consortium indicates that it is feasible to apply quinone-reducing microorganisms in continuous bioreactors and this ability can potentially be important in wastewaters rich in humic substances. The quinone reducing activity could also be applied to accelerate the conversion of xenobiotics susceptible to reductive biotransformations such as azo dyes and polychlorinated compounds in continuous bioreactors.
Introduction
Humus has recently been reported to play an active role in the anaerobic microbial oxidation of ecologically relevant substrates, such as acetate and hydrogen, as well as priority pollutants, such as toluene and vinyl chloride, by serving as a terminal electron acceptor (Lovley et al., 1996; Bradley et al., 1998; Cervantes et al., 2000a Cervantes et al., , 2001a . Quinone moieties are implicated as the electron accepting groups in humus during anaerobic substrate oxidations (Scott et al., 1998) and anthraquinone-2,6-disulfonate (AQDS), has been used as a defined model for such moieties in many studies (Lovley et al., 1996; Bradley et al., 1998; Coates et al., 1998; Cervantes et al., 2000a Cervantes et al., ,b, 2001a . The capacity of microorganisms to utilize quinones and humus as terminal electron acceptors has been found in a wide variety of natural environments and artificial habitats, such as sludges from anaerobic as well as aerobic wastewater treatment plants (Coates et al., 1998; Cervantes et al., 2000a) . The ubiquity of quinone reduction in these environments agrees with the broad spectrum of microorganisms, which have been reported to reduce quinone moieties. The phylogenetic diversity of quinone-reducers include Fe(III)-reducing, sulphate-reducing, halorespiring, fermentative and methanogenic microorganisms (Benz et al., 1998; Coates et al., 1998; Lovley et al., 2000; Cervantes et al., 2002) .
Given the wide diversity of humus-respiring microorganisms and the broad spectrum of substrates that can be oxidized via quinone respiration, humic substances may play an important role in the biotransformation of organic substrates during the anaerobic treatment of organic waste streams. Quinones or humic substances are commonly found in forest industry wastewaters, chemical industry wastewaters, distillery effluents (vinasses) and in humus containing contaminated groundwater for ex situ treatment. The impact of these potential electron acceptors on the anaerobic conversion of organic substrates has not been well documented. Quinones and humus can also function as redox mediators transferring electrons from the anaerobic oxidation of substrates to the reduction of different contaminants, such as azo dyes, nitroaromatics, polychlorinated compounds and radionuclides (Schwarzenbach et al., 1990; Curtis and Reinhard, 1994; Collins and Picardal, 1999; Field et al., 2000; Fredrickson et al., 2000; Cervantes et al., 2001b; Van der Zee et al., 2001) .
The applicability of continuous anaerobic bioreactors for quinone and humus reduction will depend on the ability of quinone-respiring microorganisms to become incorporated into anaerobic biofilms. In the present study, the capacity of an anaerobic granular sludge for serving as an immobilizing mechanism for quinone-respiring bacteria was evaluated.
Materials and methods

Inoculum and basal medium
Methanogenic granular sludge originated from a full-scale upflow anaerobic sludge blanket (UASB) reactor treating effluents from an alcohol distillery (Nedalco Co., Bergen op Zoom, The Netherlands) was used for the present study. The basal medium utilized for all batch and continuous experiments was prepared with the following composition (g per litre): NaHCO 3 , (5); NH 4 Cl, (0.1); K 2 HPO 4 , (0.05); MgCl 2 .6H 2 O, (0.012); CaCl 2 .2H 2 O, (0.005); Na 2 S, (0.013); and 1 ml per litre of both trace elements and vitamins with a composition previously described (Cervantes et al., 2000b) . Anaerobic conditions were established in the prepared media by flushing with an oxygen-free gas (N 2 /CO 2 , 80/20) before use.
Enrichment of AQDS-reducing microorganisms in anaerobic granular sludge
The granular sludge was placed in laboratory-scale UASB reactors at the final concentration of 30 g volatile suspended solids (VSS) per litre of reactor. One reactor was continuously fed with anaerobic basal medium supplemented with 12.5 mmol l -1 of AQDS as a terminal electron acceptor. Another UASB reactor, the control reactor, was operated under methanogenic conditions (lacking AQDS). For both reactors a mixture of volatile fatty acids (VFA) including acetate (4.45 mmol l -1 ), propionate (0.07 mmol l -1 ), and butyrate (0.05 mmol l -1 ) was provided as substrate at the final concentration of 300 mg chemical oxygen demand (COD) per litre. The media were continuously pumped from a container kept at 4°C in a fridge. The reactors with a volume of 160 ml were placed in a 30°C room and operated with a hydraulic residence time of 6 hours throughout the study.
Identification of phylogenetic changes in anaerobic granular sludge
The phylogenetic diversity of the microbial population from both reactors was determined. After about one year of continuous operation sludge samples were obtained from both reactors to determine changes in the microbial population. To determine the phylogenetic diversity of the microbial population of the studied granular sludge from the laboratory reactors denaturing gradient gel electrophoresis (DGGE) was used. Total DNA was extracted from 1ml homogenized sludge samples as previously described (Oude Elferink et al., 1997) .
PCR
The 16S rRNA-genes were amplified from the genomic DNA by Polymerase Chain Reaction (PCR) using a Taq DNA polymerase kit from Life Technologies (Gaithersburg, Md.) with primers for conserved domains. Complete eubacteria 16S rDNA was selectively amplified using 7-f (5′-AGAGTTTGAT(C/T)(A/C)TGGCTCAG-3′) and 1510-r (5′-ACGG(C/T)TACCTTGTTACGACTT-3′) primers (Lane, 1991) with the following thermocycling program: 94°C for 5 min; 25 cycles of 94°C for 30 s, 52°C for 20 s, and 68°C for 40 s; and 68°C for 7 min. The reactions were subsequently cooled to 4°C. For DGGE use, a specific region of eubacteria 16S rDNA (V6-V8 region) was amplified using 968-GC-f (5′-CGCCCGGGGCGCGCCCCGGGCGGGGCGGGGGCACGGGGGGAACGCGAAG AACC TTAC-3′) and 1401-r (5′-CGGTGTGTACAAGACCC-3′) primers (Nübel et al., 1996) using the same thermocycle program but with 35 cycles and an annealing temperature of 56°C. All primers were purchased from MWG-Biotech (Ebersberg, Germany). Size and amount of PCR products were estimated by 1% agarose gel (w/v) electrophoresis and ethidium bromide staining. DGGE DGGE analysis of the amplicons was performed on 8% (w/v) polyacrylamide gels containing denaturant gradients of 40 to 55%. A 100% denaturant corresponds to 7 mol l -1 urea (GIBCO BRL) and 40% (v/v) formamide (Merck). Electrophoresis was performed in 0.5 × Tris-Acetic acid-EDTA buffer (20 mmol l -1 Tris, 10 mmol l -1 acetic acid and 0.5 mmol l -1 EDTA pH 8) at 85 V and 60°C for 16 hours using a DGENE™ System apparatus (BioRad, Hercules, CA). Previously a voltage of 200 V was applied for 5 min. Silver-staining and development of the gels were performed according to Sanguinetti et al. (1994) with minor modifications. Colour fixation solution (8×) was composed by 200 ml of 96% (v:v) ethanol including 10 ml of acetic acid and 40 ml of demineralised water. The silver staining solution was prepared by adding 0.4 g AgNO 3 to 200 ml 1× colour fixing solution. The developer agent was composed by 10 mg of NaBH 4 included in a mixture of 200 ml of 1.5% NaOH solution and 600 ml of formaldehyde. The colour preservation solution contained 50 ml 96% (v:v) ethanol, 20 ml of glycerol and 130 ml of demineralised water. The negative image of DGGE was obtained after drying the gel overnight at 60°C.
Microbial incubations
To determine the AQDS-reducing and methanogenic capacities of the granular sludge from both reactors, batch incubations were performed. The microbial incubations were conducted in 117-ml bottles sealed with butyl rubber stoppers and aluminium caps under a N 2 /CO 2 (80/20) atmosphere at 37 °C in the dark. The basal medium was supplied with AQDS (20 mmol l -1 ) and distributed in the vials at the final volume of 50 ml (67 ml as a headspace). Inoculation was provided by addition of 1 g VSS per litre of the corresponding sludge. Acetate (1 g COD per litre) was provided as an electron donor from a stock solution. Controls conducted in basal medium in the absence of AQDS were also included for evaluating the methanogenic activity of the inocula. All the experiments were applied in triplicate incubations for all the conditions studied.
Analytical techniques
AQDS reduction was determined spectrophotometrically at 450 nm in an anaerobic chamber as described before (Cervantes et al., 2000a) . Samples (2 ml) were obtained from the AQDS-supplemented reactor with a syringe passed through a rubber septum and immediately transferred to 10-ml vials previously flushed with N 2 /CO 2 (80/20). The concentration of VFA and methane were determined by previously described gas chromatographic methods (Cervantes et al., 2000a) .
Results
Competition between methanogenesis and AQDS reduction in continuous reactors
The original anaerobic granular sludge was continuously fed with an AQDS (12.5 mmol l -1 ) supplemented edium in a laboratory-scale UASB reactor. Total AQDS reduction was achieved in the reactor and sustained even after 11 months of operation, which accounted for 71% of the VFA removal in the UASB reactor. Methane production eventually occurred in the AQDS-supplemented reactor accounting for up to 30% of the VFA removal ( Figure  1a) . A control reactor was operated under methanogenic conditions in the absence of AQDS. Methanogenic activity was verified by monitoring the off-gas collected by a liquid displacement device. However, accurate quantification of the methane production was only made feasible after solving leakage problems in both systems. Figure 1b shows that the VFA removal in the methanogenic reactor was highly (92%) recovered as methane once quantification problems were solved.
Phylogenetic changes in the microbial population of the UASB reactors
After 11 months of continuous operation, sludge samples were obtained from both reactors to compare the phylogenetic pattern of the microbial population from these consortia. Figure 2 shows the DNA-based profiles from the bacterial community of the methanogenic reactor and from the AQDS-supplemented reactor. A significant change in the DNA-based profiles was observed in the consortia after this period. Several new dominant bands appeared in the DNA-profile of the AQDS-supplemented community that did not dominate the consortium operated under methanogenic conditions.
AQDS-reducing and methanogenic capacities of granular sludge in batch incubations
Sludge samples monitored after 11 months of operation were also tested for their capacity to reduce AQDS and produce methane in batch incubations. Granular sludge obtained from both reactors showed the capacity to reduce AQDS with acetate as an electron donor in batch experiments. However, the sludge originated from the methanogenic reactor needed several days as a lag phase before AQDS reduction became visible. On the other hand, the AQDS-supplemented sludge could reduce AQDS without any lag phase (Figure 3) . Batch incubations were also performed in order to assess the methanogenic activity by the granular sludge originated from both reactors. As expected, the sludge operated under methanogenic conditions for almost one year was capable of converting acetate to methane without any lag phase. However, the AQDS-supplemented sludge showed a long lag phase (2 weeks) before acetoclastic methanogenesis became feasible (Figure 4) . 
Discussion
In the present study an anaerobic granular sludge was tested for its capacity to serve as an immobilizing mechanism for enriching quinone-respiring bacteria in a UASB reactor. Previously, the same inoculum showed the capacity to degrade several organic substrates, including phenolic contaminants (Cervantes et al., 2000a,b) , when the humic model compound, AQDS, was provided as a final electron acceptor. However, in all these studies long incubation periods (from several days up to several weeks) were needed for achieving an AQDS-reducing activity. The present study provides several lines of evidence indicating that quinone-respiring bacteria were enriched and immobilized in the granular sludge of an AQDS-supplemented reactor. After a few days of continuous operation, complete reduction of AQDS coupled to the oxidation of the substrates provided (VFA mixture) occurred. The same respiratory capacity could be sustained by the granular sludge throughout the complete operation period (almost one year). A phylogenetic comparison of the microbial community from this consortium was established against the microbial control operated under methanogenic conditions. The DGGE revealed a significant change in the DNA-based profile of the inocula. Four new bands (a, b, c and d in lane 1 of Figure 2 ) appeared dominant in the microbial community of the AQDS-supplemented reactor compared to the consortium of the methanogenic reactor. Presumably, the new dominant DNA-fractions represent quinone-reducing microorganisms, which were enriched and immobilized in the microbial community of the granular sludge of the AQDS-supplemented reactor, permitting the extensive reduction of AQDS and oxidation of acetate with a hydraulic residence time of 6 hours. The observation is supported by the occurrence of AQDS reduction as the main physiological process (Figure 1a) . Furthermore, batch incubations also corroborated the enrichment of AQDS-reducing microorganisms in the microbial population of the AQDS-supplemented reactor. Indeed, complete reduction of AQDS was achieved by this consortium without any lag phase; whereas the granular sludge operated under methanogenic conditions (control reactor) reached appreciable AQDS-reducing activity after several days of incubation ( Figure 3) . The results indicate that it is feasible to apply quinone-reducing microorganisms in continuous bioreactors. The quinone-reducing ability can potentially be important in wastewaters rich in humic substances. Since acetate is an important intermediate in anaerobic digestion, acetate-oxidizing quinone-reducing microorganisms may significantly contribute to anaerobic substrate oxidation in wastewater treatment systems. The wide variety of organic substrates, including priority pollutants, such as vinyl chloride (Bradley et al., 1998) , p-cresol (Cervantes et al., 2000b) and toluene (Cervantes et al., 2001a) , which can be oxidized through the microbial reduction of quinone moieties in humus further emphasizes the significance of humic substances serving as a terminal electron acceptor. The capacity to enrich and immobilize quinone-reducing microorganisms can also be applied to accelerate the reduction of xenobiotics susceptible to reductive biotransformations such as azo dyes (Kudlich et al., 1997; Laszlo, 2000; Cervantes et al., 2001b; Van der Zee et al., 2001) ; polychlorinated compounds (Curtis and Reinhard, 1994; Collins and Picardal, 1999) ; nitroaromatic pollutants (Schwarzenbach et al., 1990) as well as radionuclides (Fredrickson et al., 2000) . In fact, an AQDS-respiring enrichment culture originated from the studied granular sludge, in which a Geobacter sp. prevailed, was shown to generate reducing equivalents via AQDS-and humus-respiration allowing the reductive dechlorination of carbon tetrachloride (data not shown). Moreover, addition of substoichiometric concentrations of AQDS to laboratory-scale UASB reactors inoculated with the original granular sludge enhanced the reductive biotransformation of different azo dye pollutants (Cervantes et al., 2001b; Van der Zee et al., 2001) . Thus, quinone-reducing microorganisms may also play an important role in the reductive biotransformation of different priority pollutants in wastewater streams. 
